In this study, the effects of deficit irrigation (DI) on crop yields and irrigation water utilization efficiency (IWUE) of processing tomato are contrasting. This study aimed at analyzing a set of field experiments with drip irrigation available for Mediterranean Italy in terms of marketable yields and IWUE under DI. Both yields and IWUE were compared with the control treatment under full irrigation, receiving the maximum water restoration (MWR) in each experiment. The study also aimed at testing the effect of climate (aridity index) and soil parameters (texture). Main results indicated that yields would marginally decrease at 70-80% of MWR and variable irrigation regimes during the crop cycle resulted in higher crop yields. However, results were quite variable and site-dependent. In fact, DI proved more effective in fine textured soils and semiarid climates. We recommend that further research should address variable irrigation regimes and soil and climate conditions that proved more unfavorable in terms of crop response to DI.
Introduction
Water resources are extremely scarce in many areas of the world, and water saving has become a priority due to the increase in population and global climate change [1, 2] . Agriculture is a major water consumer in regions where irrigation is required for profitable yields, and strategies to reduce water use have the potential to increase sustainability of production. Globally, agricultural irrigation is responsible for 70-80% of freshwater consumption [3, 4] . Increased water savings and optimization of irrigation management as much as possible are, thus, urgently needed. A small amount of water saved can be used for other purposes. Therefore, in recent decades, agricultural water use efficiency has been improved by innovations in technology and plant breeding. Irrigation systems and scheduling mainly affect crop yields. Thus, the knowledge of crop water requirement, the reference crop evapotranspiration, and the rainfall of the target region is recommended [5] . While full irrigation (FI) aims to meet crop water requirements to maximize crop yield, in deficit irrigation (DI) water use is optimized in relation to crop yield per volume of water consumed. Modest yield reductions can be acceptable if connected to a significant reduction in water use [6] . DI has been found suitable for grapevine and fruit crops, but vegetables might suffer from losses in yield and quality. DI effects on crop yield and water efficiency have been studied on several crops, including tomato (Solanum lycopersicum L.), though with contrasting results that can be ascribed to the different cultivars cultivated or the period of DI application during the crop cycle [6] . Although farm income is higher with increasing yields when more water is supplied with irrigation, water availability is continuously decreasing due to the competing requirements of agriculture, industry, recreation, and the environment. In addition, DI years, article types, and access types). Literature was screened by searching three fields in the title, abstract, and keywords of the source reference: "Mediterranean" AND "Italy" AND "tomato". Results referring to greenhouse studies, pot experiments, Life Cycle Assessment, and simulation studies addressing crop development and water dynamics were excluded from the data analysis.
Information derived from field experiments included: region, province, altitude (m above sea level), long-term mean annual temperature (MAT • C) and total rainfall (MAP mm), aridity index, rainfall and irrigation during the growth cycle, marketable yield as fresh and dry matter, irrigation treatments, and soil texture group (Table S1 ). Crop evapotranspiration (ETc) in the different field experiments was estimated by the authors as the product of reference evapotranspiration (ETo), calculated with the FAO Penman-Monteith equation [27] or using Class A pan evaporation and Kpan [28] , and tomato-specific crop coefficient (Kc). All experiments preformed were under drip irrigation.
Using these criteria 10 studies, totaling 54 yield observations, were found in four regions of Italy: Apulia (3), Basilicata (3), Latium (2) , and Sicily (2).
Apulia
A two-year field research (2011-2012) was carried out at Valenzano (41 • 03'N, 16 • 52'E, altitude 72 m a.s.l) in Bari Province [29] . MAT and MAP were 16.2 • C and 523 mm, respectively. Tomato (cv. Tomato F1) was grown under three irrigation regimes: full recover of crop evapotranspiration (I100), 50% of full irrigation supply (I50), and rainfed (I0). Tomato was transplanted in mid-April, and fertilized with 100, 120, and 150 kg ha −1 of N, P 2 [30] . Tomato was cultivated under four irrigation regimes: DI, constant regime with restoration of 60% of maximum ETc during the crop cycle; RDI, variable irrigation regime with 60%, 80%, and 60% of maximum ETc through the three main phenological stages of the crop cycle; FI, full irrigation regime with the restoration of 100% ETc; FaI, farmer irrigation regime based on usual farming routine. Tomato (cv. Genius F1) was transplanted in the first decade of May and fertilized with 154 and 56 kg ha −1 of N and P 2 O 5 , respectively.
Basilicata
A two-year experiment (2002) (2003) was carried out in Lavello (41 • 03'N, 15 • 42'E, altitude 180 m a.s.l) in Potenza province [31] . MAT and MAP were 14.5 • C and 518 mm, respectively. Tomato was cultivated under six irrigation regimes: (i) four constant irrigation regimes with restoration of 0 (T0), 50 (T1), 75 (T2), and 100% (T3) of ETc during the whole crop cycle; (ii) two variable irrigation regimes with 100% restoration of ETc during the first period of the crop growth, followed by 75 or 50% restoration of ETc in the second part of the cycle (T4 and T5 treatments respectively). Tomato (cv. Pullrex) was transplanted after mid-May, and fertilized with 182, 214, and 160 kg ha −1 of N, P 2 O 5 , and K 2 O, respectively.
A first field experiment carried out at Metaponto (40 • 24'N, 16 • 48'E, altitude 10 m a.s.l) in Matera province [32] reported the results related to 2007 and 2009 growing cycles. MAT and MAP were 16.5 • C and 493 mm, respectively. Three irrigation treatments were compared: re-establishing 50 (I1), 75 (I2), and 100% (I3) of the crop evapotranspiration (ETc). Tomato (cv Tomito) was transplanted in mid-May and fertilized with 180 kg ha −1 of N.
A second two-year experiment (2008) (2009) in the same area compared three irrigation regimes: V100, full restoration (100%) of ETc, V50, 50% restoration of ETc, and V0, no water restoration [33] . Tomato (cv. Faino F1) was transplanted in late May and fertilized with 160 kg ha −1 of N.
Latium
Two field experiments were carried out in Viterbo province (42º43'N, 12 • 07'E, altitude 310 m a.s.l). MAT and MAP were 14.4 • C and 746 mm respectively. The first research [34] was conducted in 1997, and compared four irrigation regimes: 50-75, 50-100, 75-50, and 100-75 % restitution of ETc in the first (from planting to fruit set) and in the second (from fruit set to harvest) growth period. Tomato (hybrid PS 1296) was transplanted at the end of May with three fertilization treatments: control (no fertilization), D1 with 79, 68, and 107 kg ha −1 of N, P 2 O 5 , and K 2 O respectively, and D2 (double the doses of D1).
The second experiment [35] 
Data Evaluation
Marketable fruit yields (Mg ha −1 fresh weight) under deficit irrigation (DI) were compared with yields of the control treatment with the maximum water restoration (MWR) of each experiment, including rainfall:
Irrigation water use efficiency (IWUE) of the different treatments was calculated according to [36] :
where Yield is the fruit dry biomass at harvest (kg ha −1 ), and TWS is the total water supply including irrigation and rainfall from planting to harvest (m 3 ha −1 ). The Aridity index [37] was calculated with the formula Aridity index = MAP/(MAT+10) that defines aridity classes as humid (30- Statistical analyses were performed using Statistica 7.0 (Statsoft, Tulsa, OK, USA). Significant differences among means were evaluated through the Fisher's protected least significant difference test (LSD post hoc test).
Results
A summary of maximum marketable fruit yields (Mg fresh weight ha −1 ) under full irrigation and the related total water supply (mm) by rainfall and irrigation during the crop cycle in the different provinces are shown in Figures 1 and 2 . Marketable yields ranged from 114.2 to 51.0 Mg ha −1 , respectively, at Matera and Siracusa. Total water supplies ranged from 768 to 395 mm at Foggia and Enna, respectively. The result for Matera, coupling a high marketable fruit yield (114.2 Mg ha −1 ) and a low water supply (517 mm), are an indication of a proper irrigation schedule when fully restoring crop evapotranspiration. Conversely, at Foggia a slightly lower marketable fruit yield (95.2 Mg ha −1 ) was coupled with a higher water supply (768 mm), indicating the ineffectiveness in productive terms of water supplies following the farmer routine, using more water than the full irrigation regime, restoring 100% of ETc [30] . of water supplies following the farmer routine, using more water than the full irrigation regime,
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restoring 100% of ETc [30] . of water supplies following the farmer routine, using more water than the full irrigation regime,
restoring 100% of ETc [30] . 
Marketable Yield and Water Restoration
When comparing marketable fruit yields under DI with the control treatment (Equation (1)), average yields (%) significantly differed among irrigation classes (p = 0.0000). In detail (Figure 3 ), yields were significantly lower in 0-20 and 20-40 irrigation classes (31.5 and 27.3 % respectively) and higher in 40-60, 60-80, and 80-100 classes (74.9, 72.6, and 87.4% respectively). Marketable fruit yields (Mg fresh weight ha −1 ) under DI also significantly differed among soil texture groups (p = 0.0049) and average yields ( Figure 7) were significantly lower in field experiments with coarse and medium texture (32.5 and 51.7 Mg fresh weight ha −1 , respectively) compared to fine textured soils (75.4 Mg fresh weight ha −1 ). This result is coherent with the soil textures of the field experiments, which were fine and medium at Foggia and Matera, respectively, and also showed the lowest yield decreases; conversely, at Bari soils were coarse textured and presented the highest yield decrease under DI ( Figure 6 ). 
Irrigation Water Use Efficiency and Water Restoration
Irrigation water use efficiency (IWUE in kg dry weight m −3 ) was weakly significantly different (p = 0.0683) among irrigation classes (Figure 8 ). Average IWUE was significantly higher only in 0-20 irrigation class (1.67 kg m −3 ) compared to the other classes. 
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In relation to irrigation regimes (Figure 9 ), IWUE was not significantly different (p = 0.2366). In relation to irrigation regimes (Figure 9 ), IWUE was not significantly different (p = 0.2366). IWUE was higher with no irrigation (1.18 kg m −3 ) and decreased with constant and variable irrigation regimes (0.86 and 0.66 kg m −3 , respectively). 
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IWUE significantly differed among the provinces (p = 0.0000) where the field experiments were 259 conducted ( Figure 10 ). In detail, average IWUE was significantly lower at Viterbo, Bari, Potenza, IWUE significantly differed among the provinces (p = 0.0000) where the field experiments were conducted ( Figure 10 ). In detail, average IWUE was significantly lower at Viterbo, Bari, Potenza, Foggia Siracusa, and Enna (0.47, 0.49, 0.61, 0.75, 0.80, and 0.98 kg m −3 , respectively) compared to Matera (2.31 kg m −3 ). Results for Matera are in agreement with the low decreases observed in marketable yields.
Constant
Variable None Irrigation regime 0.0 256 Figure 9. Irrigation Water Use Efficiency (IWUE) (kg dry weight m −3 ) based on irrigation regimes, F 257 (2;37) = 1.4992; p = 0.2366. Boxes represent mean values, whiskers represent Min-Max interval.
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IWUE significantly differed among the provinces (p = 0.0000) where the field experiments were 259 conducted ( Figure 10 ). In detail, average IWUE was significantly lower at Viterbo, Bari, Potenza, 
Discussion
In the environments typical of the Mediterranean area the use of water resources for irrigation is a priority to be managed through sustainable regulation of water supplies, contributing to water savings with environmental and economic benefits [39] but avoiding high productivity losses to maintain profit for farmers [6, 30] . Research also indicated that DI may have positive side effects, such as contributing to decreased soil CO 2 emissions and enhanced C sequestration in soils, by decreasing microbial activity in response to decreased soil moisture levels [39] . In addition, nitrogen fertilization also results in lower N 2 O emissions in Mediterranean regions with drip irrigation systems that are commonly used in tomato cultivation compared with sprinkler irrigation methods [40] .
Results from the different field experiments examined in this study are in contrast with each other. Data obtained in a study at Foggia in Apulia [30] indicated that farmers tend to over irrigate tomato crops, with no significant increase in the marketable fruit yield and quality, as reported in other research [20] . Moreover, the same authors [30] indicated that the adoption of variable irrigation regimes as RDI restoration of 60%, 80%, and 60% of the maximum ETc during the three main tomato phenological stages (i.e., from plant establishment to flowering of the first truss, from flowering of the first truss to fruit breaking colors of the first truss, and from fruit breaking colors of the first truss to harvest), was effective to save water, as shown by other authors [31, 34] at Viterbo (Latium) and Lavello (Basilicata). A study at Matera in Basilicata [32] indicated that water restoration of 50, 75, and 100% of crop evapotranspiration showed no statistical differences among the irrigation volumes in relation to tomato yield and quality. Conversely, in the same environment another study [33] reported statistically significant differences in both marketable yields and fruit quality when restoring 0, 50, and 100% of ETc.
The study conducted at Enna in Sicily [12] showed that marketable yields were strongly decreased by early soil water deficit following plant establishment, while a reduced irrigation rate after the initial stages or after flowering did not induce any significant loss. The study also indicated that DI has beneficial effects on fruit quality. In particular, a high total solids content of the fruit improves the efficiency of the industrial process due to the lower energy required to evaporate water from fruit. Tomato yield also proved more sensitive to the length of the irrigation period rather than to the total water supplied during DI experiments in Sicily [26] . In fact, the long-season deficit irrigation (LD) with 50% ETc restoration and the short-season full irrigation (SF) with 100% ETc restoration received about the same amount of water, but yields decreased by 46% in SF. In addition, irrigation cut-off during the ripening period did not significantly affect marketable yields and enhanced fruit quality [31] .
In the case of Foggia and Viterbo, the average irrigation supplied (Figure 2 ) was the highest (768 and 655 mm, respectively). However, marketable yields with full irrigation (Figure 1 ) were higher in Foggia than in Viterbo (95 and 59 Mg fresh weight ha −1 ). This result can be ascribed firstly to the lower fertilization supplied at Viterbo (average N fertilization was about two thirds compared to the amount supplied at Foggia), and secondly to other environmental conditions that can positively or negatively affect crop yields (e.g., air temperature). In fact, average temperature is 15.8 • C at Foggia and climate is sub-humid; at Viterbo temperature is 14.4 • C and climate is humid. The same consideration is valid in relation to IWUE. In fact, average IWUE was higher at Matera (Figure 10 ), where temperature is 16.5 • C and climate is semi-arid ( Figure 11) .
Generally, our data-analysis has confirmed that results are quite variable and strongly site-dependent due to different climate and soil conditions that may mask the actual effect of the irrigation regime, and consequently cannot be generalized. Based on the field experiments considered, a limited decrease in water restoration according to the calculated interpolating function ( Figure 5 ) would marginally decrease yield by 17.9% and 11.7%, at 70 and 80% of maximum water restoration, respectively. Marketable yields did not differ significantly at 40-60% and 60-80% of maximum water restoration (Figure 3 ) but were higher when 80-100% of maximum water restoration was supplied with DI, in agreement with previous research [20] . In addition, variable irrigation regimes during the crop cycle showed a higher and significant response to crop yields (Figure 4) . Yield responses to DI were significantly lower in soils with coarse and medium textures (Figure 7 ). Irrigation water use efficiency was weakly significantly different among irrigation classes and water regimes but was significantly higher in the experiment conducted at Matera (Figure 10 ), coupled with semiarid climate conditions (Figure 11 ).
Conclusions and Recommendations
Under Mediterranean conditions, water management is a crucial factor for tomato crops, due to the limited availability of water resources during the growing season, when evapotranspiration is not balanced by the moderate amount of rainfall. Therefore, in this environment, the sustainable use of water resources is a priority. A proper application of DI can save huge amounts of water, particularly in semi-arid environments where water scarcity is an increasing concern and water costs are continuously rising.
Our results provide practical guidelines for irrigation water use in processing tomato cultivation that can be easily addressed by farmers to avoid over-irrigation and to adopt reduced irrigation rates during the less sensitive growth stages. Our recommendation is that further research should address the response of crop yield under variable irrigation regimes adopting RDI, and in relation either to coarse and medium soil textures and sub-humid climate conditions that are very frequent in Mediterranean Italy.
Alternative strategies to reduce irrigation water use can be recommended, namely sensor-based irrigation scheduling [41] or partial root-zone drying [35] . However, their implementation involves higher costs for farmers in terms of irrigation equipment and management compared to deficit or regulated deficit irrigation. 
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